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SUMMARY
.
Force,moment,pressure+iistribution,andbounda~-layermeasurements
arepresentedfora seriesoffiveairfoilsecticms.Thestallingchar-
acteristicsoftheseairfoilsectionsatlowspeedsareofthreet~es:
1. Trai13ng-4gestall(precededbymovementoftheturlulent
separationpointforwardfromthetrailingedgewithincreas-‘
ingangleofattack)
2. Leading+dgesta13(abruptflowseparationneartheleadingedge
generallywithoutsubsequentreattachment)
3
d. ThiMirfoilstall(preceded.%yflowseparationattheleading
edgewithreattachmentata pointwhichmovesprogressively
rearwardwithincreasingangleofattack)
Theroleoftheboundary-layerflowandseparationprocessesinrelation
tostallingaswellasthesensitivityofthestalltofactorswhich
influenceboundarplayerg owth,suchasReynoldsnum%er,isdiscussed.
INTRODUCTION
Thevariablesinvolvedinthestalllofa completewingaremany,and
includethefactorsofairfoilshape,wingplanform,wingtwist,fuselage
andnacelleinterference,surfaceroughness,treamturbulence,and
Reynoldsnurher.A directattackontheproblemofwingstallis,ther+
fore,a formidableundertaking.Sincethestallresultsfromboundary-
layerseparation,a completeunderstandingofthestalldependsonan —
?F’orthepurposesofthisreporthestallisdefinedastheflow
conditionwhichfollowsthefirstlift+xrvepeak.
2 NACATN2502
understandingofthemechanicsofboqndary-layers paration,a phenomenon
whichhasnotleenfullyexplainedtodate,andwhichisbeyondthescoye
ofthepresentreport.Considerableinsightintotheproblemofwi~~—
stallingmaybegained,however,byobservingtheprocessesof-boundary-
layerseparationi two+iineneionalflowfields.A studyofthestalling
characteristicsofairfoilsectionsis,therefore,animportantphaseof
theover+llproblemofwingstallingandcangreatlyassistheairplane
designerintheselectionfairfoilsectionsforspecificapplications.
Itisthepurposeofthepresentreportosummarizethestalling
characteristicsofa seriesoffivesymmetricalairfoilsectionsbasedon
investigationsconductedintheAmes7-bylo-footwindtunnels.The
stallingoftheseairfoilsisclassifiedintothreegeneraltypes,and
illustrativeexamplesoftheforce,moment,pressure-distribution,and
boundary-layercharacteristicsofeachtypearediscussed.indetail.The
dataaredirectlycomparablewithoneanotherbecausesimilartesting
techniquesandmodelswereemployedinallinvestigations.Mostofthe
ideascontainedhereinarenownew,butthepresentationfurnishesa
compilationofsomeofthemoresignificantknowledgeonthesub~ectof
airfoil+ectionstallingandassociatedtwo-dimensionalflowphenomena.
IUSTORICAIIBAcKGRm
Beginningabout1930,asa resultofintensivewind-tunnelinves-
tigationsoftheeffectsofReynoldsnumlerandstreamturbulence,the
roleoftheboundarylayerinstallingbecameofinterestandwassub-
~ectedtodirectobservations.Thisworkistypifiedbyrefer-
ences1 and2. In1931,Jacobspeculatedthattheshapeofthelift-
curvepeakwascontrolledbythepositionandmovementofthepointof
separationfturbulentflowontheairfoilsurface.Shortlythereafter
oneoftheearliesteffortstocorrelatehetypeofboundary-layerflow
andseparationwithstallingwasreportedbyMillikanandKlein.They
suggested,afterinvestigatingtheeffectofturbulenceonnmximmlift,
thatthepointoftransitionfrcmlaminartoturbulentflowrelativeto
thepoint-oflaminarseparationwascriticalindetetiningmaximumlift.
Theypointedoutthatiftransitionmovesaheadofthetheoreticalpoint
of laminarseparation,thenthelaminarstallcannotocour,andincreased
valuesofmaximumliftmightberealizedbecausetheturbulentboundary
layeresistseparationtoa muchgreaterextenthandoesthelaminar
boundarylayer.
Contemporaneouslywiththeworkreportedinreferences1 and2,
B.MelvinJonesinvestigatedhestallingcharacteristicsofseveral
differentairfoilsectionsexperimentallyandmadewhatisapparently
thefirstgeneralizationofstallingcharacterleticg(references3andk).
He classifiedstallingintothreetypes:a trailing-edgestall,andtwo
typesofleading+dgestall.Jones!significantconclusionwasthat
.
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stallingcouldresultfromflowseparationatthehatingedgeaswellas
4 fromthetrailingedgeofanairfoil.Perhapsequallyimportant,although
seeminglyoverlookedatthetime,washisobservationofthenowwell-
known“bubble”orlocalizedregionoflsminarseparatedflow.Healso
distinguishedb tweentheleading+igestallscharacteristicofrounded
andsharp-edgedsections.Thelattert~e ofsection,however,wasdis-
missedasbeingimpractical.Unfortunately,hisexperimentalworkwas
confinedtoforce,pressure-distribution,andtuftobservationssothat
directcorrelationofthetypesofstallwithboundary-layerflowwasnot
possible.
In1937,JacobsandSherman(reference5) firstrelatedthetme of
flowseparationtomxinnm+liftcharacteristics(andindirectlystalling)
ina discussionftheeffectsofReynoldsnuniberontheaerodymmicha~
acteristicsofairfoilsections.Althoughthetypeofstallcharacteris-
ticofshar~dgedairfoilswasnotconsidered,JacobsandSherman
describedtheimportanceofthelsminsrandturbulent%oundarylayerin
theleadingandtrailing-edgetypesofstall.Itisremarkablethatthe
conclusionswerereachedwithoutrecoursetosystematicmeasurementsof
theloundarylayer.Recently(1948),LoftinandBursnall(reference6)
w extendedthediscussionfreference5 on thebasisofexperimentald ta
obtainedsince1937,notablythoseofvonDoenhoffandTetervin(ref-
*
erences7and8). Theimportanceofthelocallzedregionoflaminar
separatedflowbehindtheleadingedgeintheeffectsofReynoldsnu@r
onthemaximumliftofairfoilsectionsofvariousthicknessesisdis-
cussedbythematsomelength.
AttheAmesAeronauticalLaboratoryaninvestigationoftheboundary-
layerandstallingcharacteristicsoftheNACA633~18and631~u air- —
foilsectionswasundertakentoprovidebasicdataforanapplicationf
boundary-layercontrol.Theresultsoftheboundary-layer+ontrolinves- .—
tigationwerepulllshed(references9 and10)andthepreliminary
investigationsmentioned,buta completepresentationofthebasicdata
wasnevermade.Thestallsofthesetwoairfoilsprovidedexcellent
examplesofturbulentandlaminarseparation.Asa directapproachto
thestallingproblem,theinvestigationwasextendedtoincludethinner
airfoilsections(NACA63+09,64Ao06,anda sharp-edgedsectionof
k.23-percent-thic~essratio). Theseresultswerepublished.inrefer-
ences11,12,and13. Thelatterstudiesweresignificantinthatthey
providedthefollowinginformation:Thefirsthistoryinwhichthebubble
of laminar separationwastracedfromitsfirstmeasurableappearance
untilitprecipitatedhestall;theo%se~ationoftwot~es ofseparated
floworiginatingneartheleadingedgeofthesameairfoilpriortothe
attainmentofmaximumlift;andthefirstknowninvestigationofthe
a detailsoftheflowovera sha~dged airfoilsectionatlowanglesof
attack.Individually,thesestudiesrepresenttheinvestigationsf
particularirfoilsections,butcollectivelytheycovera sufficiently~
widerangeofthicknessratiostoillustratehreegeneraltypesoflow-
speedstallingcharacteristicsobservedunderidenticalexperimental —
.-
—
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conditions.ThethreetyyesoLetallingcharacteristicsare imilarto
thoseofJones!originalclassification.
*
SOURCESOFDATA
Thethreetypesofstallandtheassociatedseparatedflowswillbe
described,andexamplesofeachwillbedrawnfrompreviouslymentioned
unpublisheddatafortheNACA633-018and631~L2airfoilsectionsaswell
asfromreferences11,22,and13. Descriptionsoftheairfoilmodels,
apparatus,andtechniquesoftheexperimentalinvestigationsmaybefound
inthereferences.Linedrawingsofthefiveairfoilsectionsaregiven
infigure1,andthecoordinatesofthefourround-nosedsectionsare
listedintableI. Theplainflapsshownonthreeofthesectionswere
notdeflectedforanyo~thetestsmentionedherein.A typicalindxQla-
tioninthewindtunnelofoneofthemodels,allofwhichwereof>foot
chord,isshowninfigure2. Forceandmomentdata2forthefiveairfoil
sectionsaregiveninfigures3 and4;representativepr ssuredistribu-
tionsinfigures5 to11;andbounda~-layerdataInfigures1.2to20.
Pressure4istributiondatafromzerolifttobeyondthestallforallthe
airfoilsectionsaretabulatedintablesIItoVT.
AlldatawereobtainedintheAmes7-bylo-footwindtunnelsand~
excepthosenotedothewise,wereobtainedfora Machnuderof0.17
anda Reynoldsnumberof5.8million.Thespibolno’tationislistedin
appendixB.
DESCRIPTIONOFTHE‘ITIREXTYPESOFST!AIL
Thethreeclassificationsofstallingwillhereafterbedesignated
as:
1. Trailing-edgestall(precededbymovementoftheturbulent
separationpointforwardfromthetrailingedgewithincreas-
ingangleofattack)
2. Leading+dgestall(abruptflowseparationneartheleading
edgegenerallywithoutsubsequentreattachment)
‘Thesedatahavenotbeencorrectedfortunnei=wallconstraintorthe
effectsofcompressibility.Themethmi”ofcorrectionusuallyapplied
isdescribedinreference14. Numericalvaluesofcorrectionstothe
forcedataarelistedinappendixA.
—
.
—
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3. ~hi=irfoilstall(yrecededlyflowseyarationatthsleading
edgewithreattachmentata pointwhichmovesprogressively
reazwardwithincreasingangleofattack)
Inthefollowingparagraphs,thoseairfoilsectionswhichfituniquely
intooneoftheprecedingstallingclassificationswillbedescribedfirst.
Airfoilsectionswhichcotiinetwotypesofstallorthosewhichpossess
borderlinecharacteristicswillbediscussedlater.Thedataonwhichthe
descriptionsarebasedwereo%tainedfora Reynoldsnumberof5,800,000.
A changeofReynoldsnumberoranyofthefactorswhichinfluence
boundary-layergrowthwillaffectstallingcharacteristics,andmaycause
thestallofa particularirfoilsectiontochangefromoneclassifica-
tiontoanother.
Trailing-EdgeStall
Thistypeofstallischaracteristicofmostthickairfoilsections
(thictiessratiosofapproximately0.15andgreater),andisprobally
betterknownthanthetwoleading+dgetypesofstall.Theexamyleof
trailing+dgestallwasprovidedbytheNA(?A633418airfoilsection.
Theforceandmomentcharacteristics(fig.3)showsmoothandcontinuous
variationsfromzerolifttowellbeyondthestall.Thepeekofthetift
curveisrounded,andthelossofliftaswellastheincreaseofpressure
dragafterthestallisgradual.Thevariationfpitchingmomentwith ‘–
liftissmooth,andthereisnosuddenbreakatthestall.Theprofile
drag(fig.4)showsthecharacteristicrangeoflowdragextendingtoan
angleofattackofabout4°,followedbya relativelygradualincreaseof
dragtotheupperlimitofthemeasurements.
Thechordwisedistributionofpressure(fig.5)showeda progressive
increaseofthepeakpressuresneartheleadingedgewithincreasingangle
ofattack.Therecoveryofpressureovertherearportionoftheairfoil
wascontinuousforallanglesofattacklessthanabout10°.Forhigher
anglesofattackthepressurefailedtorecovertothesamedegreeasfor
theloweranglesofattackanda regionofnearlyconstantpressure,
indicativeofflowseparation,appearedatthetrailingedge.Atmedmum
lift(a=lk”)thepressuredistributionwasrelativelyflatovertherear –
halfoftheairfoil,butthepeakyressuresneartheleadingedgecontir+
uedtoincreaseafterthestall.
.—
Visualobservationoftuftsindicatedthattheflowre?natiedattached
totheuppersurfaceofthemodeluntilanangleofattackofabout10°
wasattained.Withfurtherincreaseofangleofattacktheflowbeganto
separatefromtherearoftheairfoil,theextentoftheseparatedregion
progressingsteadilyforward.Atnmximumlifttheflowwasseparated
overapproximatelythe
forwardprogressionof
priortothestall.
rearha~ oftheairfoil.Beyondmaximumliftthe
separationcontinuedatabout heseinerateas
6
.—
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Thedevelopmentoftheregionofseparatedflowasindicatelbythe
boundary-layermeasurementswa ingoodagreementwiththatsham.bythe —w:
pressuredistributionsa dtuftstudies.Previousinvestigations(e.g.,
references15and.16)haveshownthattheattainment-ofa valueof .
2.6or2.7bytheboundary-layershapeparameterH (seeappendixE)is
.-
indicativethatseparationftheturbulentboundarylayerhasoccurred. .-
Extrapolationofthedatainfigure3.2showsthatthisvaluewasfirst
attainedatthetrailingedgeforanangleofattack.ofabout10°.With
furtherincreaseofangleof-attackthese~arationpoint,asIndicatedby ——
theshapeparameter,movedprogressivelyfotiard.Formaximumlift,
separationccurredbetweenthe50-and6&percentchordstations. —
Thesedataindicatethatthistypeofstallresultsfromturbulent ~.
separationmovingprogressivelyforwardfromthetrailingedgewith
—
—
increasingangleofattaok.Thecoureeofeventswhichfinallydetermines --
maximmliftbeginswellbeforemaximumliftisattained.Assoonas .
turbulentseparationappearsthelift-curveslopebeginstodecrease.As
thechordwiseextentofseparationi oreasesthelift-curveslopefinally —
becomeszeroandtheaifioilisstalled.Throughouttherangeofmoderate .
andlargeanglesofattacktheforwardprogressionofseparationa dthe
-.
changesofaerodynamicforcesaregradualandcontinual. P
Theleading-edge
ofmoderatethickness
approximately0.09to
Leadin&EdgeStall F
stallisgenerallyinherenttomostairfoilsections
( ymmetricalsectionswiththiclmessratiosof
0.15),andhasbeoomeofgeneralinterestonly
comparativelyrecently.ExamplesOPtheleadi~+dgestallwerefu%
nishedlytheNACA631412and63409airfoilsections.Theforcend
momentcharacteristicsoftheseairfoilsections(fig.3)showabrupt
discontinuitieswh ntheangleofattackformaximumliftisexceeded.
Thereisbutlittleornoroundingoveroftheliftcurvesnearnaxhum
lift,andthepeaksofthecurvesaresharp.Coincidentwiththelossof
—
liftatthestallthereisanabruptincreaseofpressuredraganda
negativeshiftM.thepitchingmoment--(thecurveof-whichIsrelatively
linearuytothestall).Theprofiled~g (fig.k)showsthelow+irag
range xtendingtoana~le ofattackofabout2°fortheNACA6314KJ
airfoilsectionandtoslightlylessthan2°fortheNACA63-009airfoil
section.Theincreaseofdragoutsidethelow4ragrangeisgradualfor
bothsectionswithinthelimitsofmeasurement.Theforceandmoment
discontinuitieswhiohaccompaniedthestallwerelesssevereinthecase
oftheNACA63-009airfoilseotionthanfortheNACA631-012aim-oilsec-
tion.Because”ofviolentbuffetingof-thelattersectionwhenstalled, l “
itwasdeemedunsafetoobtaindataattheusualvalueofdynamic
pressure;consequentlya ldatapointsforanglesofattackgreaterthan
thatformsximumMft wereobtainedwiththedynamicpressurereducedto
—
..:~::
correspondtoa Reynoldsnumberof4,100,000.
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Thepressuredistributions(figs.6and7)showa continualincrease
ofthepeaknegativeyressuresuptotheanglesofattackformaximumd lift,followedbyanabruptcollapseoftheleading-edgepr ssurepeaks.
Afterthecollapseofthepressurepeaks,tiestaticpressurewas
redistributedalongthechordintothemoreorlessflattenedformchab
acteristicofseparatedflow,whichaccountsforthenegativeshiftof
thepitchingmomentbyvirtueoftherearwardshiftofthecenterof
pressure.InthecaseoftheNACA63-009airfoilsection(fig.7),the
regionofnearlyconstantpressureextendedtothelo-percent+chord
stationforanangleofattackof9.0°(cl- occurredfor a=8.9°).
Downstreamoftheflattenedregiontherewasconsiderablerecoveryof
pressure,althoughthepressuredidnotrecovertofree-streamstatic
pressureatthetrailingedge.Furtherincreasesintheangleofattjack
increasedtheohordwiseextentoftheregionofnearlyconstantpressure
butreducedthemgnitudeofthenegativepressurecoefficients- the
amountofpressurerecoveredatthetrailingedge.
TuftstudiesoftheNACA631~w airfoilindicatedthat,uptothe
angleofattackformaximumlift(1.2.80),smoothflowexistedoverthe
entireuppersurfaceofthemodel.Aftertheattainmentof?maximumMft,
allthetuftsappearedtoindicateseparationsimultaneouslyandthere
wasnoevidenceofflowreattachmentatanystationalongthesurface.
Aspreviouslymentioned,thestallofthismodelwassoviolenthatthe
tunnelspeedwasreducedimmediatelyaftertheoccurrenceofthestall.
SitilarstudiesoftheNACA63-009airfoilsectionalsoindicatedsmooth
flwup to~i~lift (-8.90).Beyondthestall,theflowdiffered
fromthatofthestalledNACA631~12airfoil.Foranangleofattackof
9°,thettitstiticatedseparatedorreversedflowfromtheleadingedge
toa~yroximately2&percentchord.Behindthisregionnodefinite
patternofseparatedflowwasobserved;thetuftsalwaysindicatedflow
inthedownstreamdirectionalthoughtheflowwasexceedinglyrough.
Thistypeofflowissimilartothatdescribedintienextsectionforthe
sha~dged airfoilbeforethestall.Detailedinvestigationoftheflow
overtheforwardportionoftheNA~A6~09 airfoilwitha singl-tuft
probeandtuftsattachedtowiresextendingoutwardfromthesurface
revealedthatthereverseflowovertheforwardportionoftheairfoil
waspartofa slowcirculatoryflowsuggestiveofa vortexcenteredabove
theairfoilsurfaceatabout>percentchord.Furtherincreasesinthe
angleofattackmo~edtheapparentvortexcentertoa morerearward
locationandincreasedthechordwiseextentofthereversedflow.It
wouldappear,therefore,thatuptothestalltheNACA6-9 airfoil
fallsintotheleading-edgestallcategory,andtiterthestallasswes
thetypeofflowwhichprecedesthethin-airfoilstall.
l Theresultsofmeasurementsoftheturbulentboundarylayerover
therearportions oftheNACA631+2 and63-oo9aitioilsfor=’@esUP
tothestallarepresentedinfigures13and14asthechordwisevaria–
2 tionsofthederivedparameterse and H. Inneithercasedidthe “
shapeparameter,evenwhenextmpolatedtothetrailingedge,attainthe
—
-.
—
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criticalvalueof2.6whichisindicativeoftheoccurrenceofturbulent
separation.Onthebasisofthesedataitisapparen~that---thesudden
stallsortheNACA631-ouand63-oo9airfoilsectionswerenotinitiated
byseparationftheturbulentboundarylayerwhichisa comparatively
gradualprocess.
Inordertostudytheflowconditionswhichprecededthesudden
stall,theboundarylayerneartheleadingedgeoftheNACA63-009air-
foilwasinvestigatedbothbydirectmeasurementwithsmallrakesandby
theliquid-filmmethod.A riarrowregionofseparatedflownearthelead-
ingedgewasrevealedbybothmethods.Thissmallregionorbubblewas
firstdiscernibleforemangleofattackofabout4°,andyersistedup
tothestall.Thevelocityprofilesmeasuredforanglesof’attackof
4°and80are presentedinfigure15.3 Alsoshowninthefiguresisthe
staticpressureonthesurfaceoftheairfoil.
Thesedatashowthatse~rationo~the.1.aminarboundarylayer
occurredneartheleadingedgepriortothestall,andthatflowreattach-
menttookplacewitha transitional-typeboundarylayerwhichchangedto
theturbulenttypewithina shortdistancedownstream.Separationalways
occurreddownstreamofthepressurepeak,and,characteristicofmost
separated-flowregions,a shortextentofrelativelyconstantsurface
pressureexistedwithinthebubble,althoughpressurerecoverybeganup-
streamofthepointofflowreattachment.
Thechordwiselocationsoftheseparationa dreattachmentpoints
asdeterminedbytheboundary-layersu veysandbytheliquid-filmmethod
areshowninfigure16. Thecorrelationbetweenthetwomethodsis
excellentconsideringthesmallextentoftheregionofsepmatedflow.
Itisprobablethattheresultsoftheliquid-filmmethod,havingthe
leastinterferenceeffects,arethemostreliable.
AttemptstodefinetheseparationbubbleontheNACA631~12””airfoi1
wereunsuccessfulbecausetherakewasnotmovedforwardinsufficiently
small-steps.However,thepresenceofa bubblesimilartothatonthe
NACA63-009airfoi.lwasrevealedbytheliquid-filmmethod.
—
.
w“””
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—
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‘Inthefigure,theboundag-layerp ofilesareshownabovethecontour
oftheairfoilwiththeoriginsofthe,velocityaxes(u/U)onthe
stationsatwhichtheprofilesweremeasured.The y/c axesarenor-
maltothesurface,andforthesakeofclarity;havebeenmagnified
20timeswithrespectotheairfoildimensions.Thedashedportions
oftheprofilesandthecross-hatchedareasrepresentregionsof
reversedorseparatedflow.Thefairingofthevelocityprofilesin.
thisregionisarbitmrybecauseoftheinabilityof-theraketubes
. i?mnersedintheseparatedflowtoindicatecorrectlythenegative
velocityoftheflow.
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Themechanismofthestallis,atpresent,
attributabletotheprocessesofseparationa d
3
consideredtote —
transitionfthelar+
4 inarboundarylayerbehindtheleading-edgepr ssurepeak.Inthesame
mannerasforthetrailing-edgestall,theflowseparationcausingthis
typeofstallbeginswellbeforetheattainmentofmaximumlift,appar-
entlyshortlyaftertheleading-edgepr ssurepeakisformed.Thelsz+
inarboundarylayerpassesaroundtheleadingedge,throughthepressure
peak,andseparates.Thesubsequentyrocesses,basedonthespeculation
ofvonDoenhoffinreference7,aypeartobeasfollows:Aftersepara-
tion,thedetaohedlsminarboundarylayercontinuesawayfromtheairfoil
surfaoealonga pathapproximatelytangentothesurfaceatthepoint
ofseparation.Transitionthenocoursandtheexpansionftheturbuler.t
motionsyreadsatsuchananglerelativetothepathoftangencyofthe
separatedlaminarflowthattheflowquicklyreattachestothesurface
asa turbulentboundarylayer.Thislocalizedregionofseparatedflow
hasbecomecommonlyknownasthelamina~eparationbulble.Increases
inangleofattackmcwethepressureleaknearertheleadingedge,and
becausetheoccurrenceofleminarseparationisyrimarilya functionof
pressurerecovery,thepointoflaminarseparationalsomovesforward.
Inaddition,theextentofseparatedlaminerflowisdecreased,probably
resultingfromthedecreasedstabilityofthelaminarboundarylayer
* broughtaboutbythegreateradversepressuregradientbehindthelres-
surepeakandtheincreasedReynoldsnuniberoftheflowbasedonlocal
conditions.Astheyointofseparationmovesforward,theseparation%
andtransitionphenomenontakesplaceIna regionofincreasingcurvature
oftheaitioilsurface.Assuming,forthemoment,thatthelengthof
separatedlamLnarflowisfixed,anyincreaseinlocalcurvaturewould
steadilymovethetransitionpointa greaterdistanceabovetheairfoil
surfaoe,therebyrenderingtheprocessoftheturbulentreattachment
continuallymoredifficult.However,suchanap~rentimpairmentofthe
reattachmentofflowfollowingtremsitioniscounteractedbythedecrease
inthelengthoftheseparatedlaminarruncausedbytheeffectofangle-
of+ttaokinoreaseonthelocalReynoldsnumberandonthe~ressure
gradient.Sufficientincreaseinangleofattackeventuallymovesthe
separation~ointsofarforwardthattheflowdoesnotreattachafter
transitionccurs.Maximumlifthasthenbeenoltained.A complete
disruptionftheflowoccursovertheentireupperstiaceandtheaero-
-G foroes,consequently,changeabruptlyinreadjustingtothenew
flowabouttheairfoilsection.
Thestallresulting
. rearwardmovementofthe
airfoilsand,aswillbe
Thin-AirfoilStall
--—
1
fromleading-edgeseparationwithprogressive
pointofreattachmentoccursonallsha~dge
discussedlater,apparentlyonsomethin(thick-
nessratiosof0.09andless)rounded-leading+dgeairfoilsections.The
< exampleofthistypeofseparationa dstallisgivenbythethinnestoi’ —
thefiveairfoilsin~estigated,thedouble+edgesectionmodifiedtos
thicknessratio f0.0423.
—
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The liftourveof
lineartonearmaximum
thedouble+edge
lift)thetopof
.
airfoilsection(fig.3(a))is
thecurveisrelativelyflat b
andthereislittlelossofliftafterthestall.Thepressuredrag
(fig.3(b))showsa progressiveandrayidincreaeestartingatzerolift.
Thepitchingmment(fig.3(c))showsa SEE1lpositivetrendformcderate
Uft coefficientsfollowedbya pronouncednegativetrend near maximum
lift. Theprofiledrag(fig.4)rises rapidlyforanglesofattack
greaterthan0.5°.
Thepressuredistribution(fig.9)showsnmchlowerpressureyeaks
neartheleadingedgethananyoftheround-noseairfoils.Thefailure
toattainthehightheoreticalvaluesofsuctionpressureovertheforward
portionoftheairfoilaccountsfortherapidincreaseofpressuredrag
showninfigure3(%).Astheangleofattackwasincreasedfrom0°,a -.
regionofessentiallyconstantpressureformedimmediatelybehindthe
leadingedgeandbemmeofincreasinglyreaterchordwiseextent.For
anangleofattackof10o(lobeyondnizzimumlift),thepressuredistri-
butionwasrelativelyflatalongtheentireuppersurface..Thisvaria-
tionofthepressuredistributionaccountsforthenegativetrendofthe
pitchingmoment.
—
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Observationoftuftsonthedouble+edgeairfoilindioatedsmooth
flowfor0°angleofattack,buta localizedregionofseparatedflow
neartheleadingedgeappearedalmost-immediatelyuponincreasingthe &
angleofattack.Althoughthetuftsdownstreamoftheseparatedarea
indicatedveryroughflow,theflowbecamesteadierasitapproachedthe
trailingedge.Athigheranglesofattackthechordwiseextentofthe
separatedregionincreaseduntilitcoveredtheentireup~ersurfaceof
themodelattheangleofattackformaximumlift.Astheextentofthis
—.
separatedflowincreased,anareaofstrongreverseflow,indicatedby
tuftspointingupstream,appearedintheregionofseparatedflow.The
injectionfsnmkeintotheregionofseparatedflowrevealedthepres-
enceofa circulato~motionintheflowabovetheuppersurTaceofthe
modelsimilartothatobservedontheNACA6-9 airfoilsectionafter
ithadstalled.
Theboundary-layersu veysonthedouble+edgeairfoilshowedthe
presenceofa variationi staticpressurenormaltothesurfacewhen
theregionofseparatedflowexisted.
.
Thepressurefirstdecreasedand
thenincreasedwithdistancefromthesurface,thedegreeofvariation
being reatestintheregionofseparatedflowanddiminishingtoward
thetrailingedge.Somevelocityandstatic-pressureprofilesarepre-
sente~infigure19. Theusualboundary-layerpa ametersr3and H - ‘- =
werenotcumputedsincetheunusualshapeofthevelocityprofilesand
thepresenceofreverseflowcastdoubtonthesignificanceofthese
parameters. (Notethatvaluesof u/U greaterthanl.Owereindicated.) “
Theexistenceofstrongreverseflowintheseparatedregioninaddltlon
tothetrendofthestatic-pressureprofilessuggeststhattheseparation @
fromtheleadingedgeresultsintheformationfa vortexmotionaspart
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oftheregionofseparatedflow.Sucha disturbancemayaccountforthe
rmchgreaterthicknessoftheboundarylayerforthistypeofairfoilas
comparedtothosefortheround-noseairfoilsectionsmentionedpre-
viously..Thegrowthoftheheightandextentoftheseparatedregion
(theboundarywhereu/U=O)isshowninfigure20. Although3°ist~e
smallestangleofattackforwhichdataareshowninthisfigure,se~~
ratedvelocityprofilesweremeasuredforanglesofattackof1°and2 .
.
Themedwmismofthethin+irfoilstallisprobablyconnectedwith
theinabilityoftheflowtoremainattachedtothesurfacewhilePss-
ingfromthestagnation~ointaroundthesharpleadingedgetotheupper
surfaoe. Thetheoreticallyinfinite(foraninfinitelysharpedge)
velocitiesarephysicallyimpossibleandseparationfromtheleadingedge
resultsassoonasstagnationmovestothelowersurface.Theseparated
flowpassesabovethesurfaceoftheairfoilandreattachesfartherdowr+
stream.Theexactmeohanismofreattachmentis,however,obscure.All
thatcanbesaid,forthepresent,isthatforlowanglesofattackthe
fluwreattachestotheupyersurfacea shortdistancebehindtheleading
edgeandflowstothetrailingedgewithoutfurtherseparation.The
boundary-layerv locityprofileatthereattachmentpointdoesnot
resetilea t~icallaminarora t~icalturbulentprofile,butgradually
ad@stsitselfintoa fullydevelopedturbulentboundary-layerprofile
beforereachingthetraikhgedge.Increasesinangleofattackmovethe
pointofreattachmenttowardthetrailingedge.Whenthereattachment
pointcoinoideswiththetrailingedge(approximately)thestallis
attainedandfurtherincreasesinangleofattackgraduallyreducethe
liftandthenincreaseitsteadilytovaluesgreaterthanthatatthe
stall.Thissecondincreaseinliftoccursforsinglesofattackfor
whichvortexstreetshavebeenmeasuredinthewakesofflatplates(ref-
erence17).
DIEWUSS1ON
Intheprecedingdescriptionoftheleading-edgeandtrailing-edge
stalls,eachty_pewastreatedasthoughitweretotallyindependentof
theother.Actuallythereisa mutualinteractionbetweenlsminarand
turbulentseparation.Althoughnotmentionedpreviously,a bubbleof
laminarseparationdevelopedontheNAC!A63@18 airfoilsectionprior
totheattainmentofmaximumlift.Thepresenceofthisbubblewasnot
revealedbydireotmeasurementbutbyplottingthepressuredatafora
givenchordwisetationagainstangleofattack.Whena bubblepasses
overa pressur~easuringorificethepressurewillfailtochangeuni-
formlywithangleofattackbecauseoftheregionofrelativelyconstant
pressurewithinthebubble.T~icaldatashowingthiseffectforeach
oftheround+aoseairfoilsarepresentedinfigure11. Ineachcase,
includingthatofthe18-percent-thicka rfoil,thereisa small
—
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discontinuityndicativeofpassageofa bubbleoverthepressure
orifice.4Theeffectofthisbubbleoflaminarseparationtheinitial
thidrnessoftheturbulentboundarylayerhasbeennotedbyvonDoenhoff
andTetervin(reference8). Fora givenangleofattacktheappearance
ofa laminarbubble,oranincreaseintheextentofanexistingbubble,
increasestheinitialthicknessoftheturbulentboundarylayerand,hence,
increasesthetendencyforthelattertoseparate.TherecanbeUttle
doubthatthelaminarbubbletendedtoaccelerateheturbulents allof
theNACA633418airfoilseotion.
Throughthemediumofthecirculationaroundanairfoil,theocc~
renceofturbulentseparationalsohasaneffectonlaminarseparation.
Fora givenangleofattackthelossincirculationcausedbyturbulent
separationreducesthelocalvelocitiesovertheairfoilwhichinturn
increasesthesizeofthebubble.Thisprocessfavorsearlierturbulent
separation.However,thedecreaseinthepressuregradientalongtheair-
foil,whichaccompaniesthecirculationdecrease,tendstodelaythe
occurrenceofturbulentseparation.Asa result,themutualinteraction
betweenthatwotypesofboundary-layers parationisnota divergent
process,amdformostairfoilseitherlaminarorturbulentflowsepan+
tionisdominant.
Therearesomeairfoilsectionsofintermediatethicknessratios
tothosestallingfrompredominantlyI.aminaro turbulentseparationwhioh
combinebothtypesofflowseparation.Thissituationhasbeendescribed
byB.M.Jonesasa racebetweenthetwotypesofseparationforthe
determinationofmximumlJft.Insuchcaseseitherturbulentseparation
maymovefomardsorapidlythattheliftmrvehasa relativelysharp
peak,ora cor=iderableextentofturbulentseparatedflowmayformprior
tocompletelaminarseparationresultingina roundingoftheliftourve
precedingtheabruptloss’ofliftwhichaccompaniestheleading-edgestall.
.
.—
K.
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Thepressurerecoverypriortoseparationeffectedbythelaminar
boundarylayeroftheNACA63-009aitioilseotionwascalculatedbythe
theoreticalmethodofvon=”m&nandMillikan(reference18).Themethod
employstwotypesofarbitraryvelocitydistributionstermed“single-
rooft’and“double-roofttprofiles,andpredictsthevalueofthesquare
oftheratioofthevelocityattheseparationpointothemsximumveloo-
‘tY(“~epm-)2@ Useofthesingle+oofapproximationgavea valueof
0.81,andthedoubleroofa valueof0.86forallanglesofattack.
4Thesecond-discontinuityinthecurvefortheNACA631-OHairfoilis
duetotheeffectsofreducedReynoldsnumberandMachnumber.The
datapointsabovethesecondiscontinuitywereobtainedata speed
correspondingtoa Reynoldsnumkerof4.1millionanda Machnuniber
of0.12.ThecorrectionforthedifferenceinMachnumberamountsto
abouthalfthedeviationfroma continuouscurve.
.
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Theexperimentalv uewasabout0.89for
separationwasobserved.Consideringthe
theactualpressuredistributioneffected
13
allanglesofattackforwhich
rathercrudeapproximationt
bythestraightlinesofthe
theoretical-method,eagreementisgood.‘Theseres~tsemphasizethat
laminarseparationneartheleadingedgeisprimarilydependentonthe
amountofpressurerecoverytheleminarboundarylayeriscapableofwitlfi-
standing.Theforwardmovementofthebubbleoflsminarseparationwith
increasingsingleofattackis,therefore,theresultofthecorresponding
movementoftheleading-edgepr ssurepeak.
Thelengthoftheseparatedlaminarunyriortotransition,as
mentionedpreviously,isundoubtedlydependentonthestabilityofthe
laminarflow.However,applicationofstabilitycriteriatotheproblem
ofsepazatedlminarflowsnearanairfoileadingedgehasnotyetbeen
attempted.Furtherexperimentalandtheoreticalinvestigationsare
required.
A hypothesisadvancedbyvonDoenhoff(raference7)involvedthe
simplerelationshipthatthelengthofseparatedlaminarflowpriorto
transitioncanbedefinedbya constantvalueoftheReynoldsnumber
* basedonthelocalvelocityoutsideoftheboundarylayeratseparation
andthedistancebetweenthepointsofseparationa dthebeginningof
—
transition.Accordingtothishypthesis,anyincreaseinlocalvelocity,
* whetherduetoinoreasedangleofattackorincreasedfre+streamveloc-
ity,wouldproducea decreaseinthedistancefromsepamtiontotran-
sition,andhence,intheextentofthebubble.Withtheassumptionf
a fixedangleofsyreadofturbulence,anyreductioni thedistancefrom
separationtotransitionwouldtendtofacilitater attachmentofthe
spreadingturbulentflow.ThatincreasedReynoldsnumberdoesdecrease
theextentofthebubbleofleminarseparationwasshownbythepreviously
mentionedxperimentsofvonDoenhoffandTetervin(reference8);the
expectedeffectsofangle+f+ttackchangewereconfirmedbythemeasure-
mentsmadeontheNACA63A09airfoil(reference11).Moreover,this
hypothesishasprovedusefulforexplainingsomeeffectsofReynoldsn- “.=
beronmaximumlift,andformsthebasisfora largeportionofthedis–
cussionbyLoftinandBursnallinreference6. Thevalueoriginally
suggestedfortheReynoldsnuniberoftheseparatedlaminarflowwas
50,000.Thevaluesdeterminedfromboundary-layerm asurementsonthe
NACA63-009airfoilsectionvaryfrom60,000forlowvaluesoflift
coefficientto30,000nearmaximumlift.Theliquid-filmmeasurements,
whichshouldinvolvetheleastinterferenceeffects,givea valueofabout
60,000forl.ift coefficientsgreaterthan0.8.Thus,vonDoenhoffs
—
hypothesisap~earstobea usefulempiricalrelationship.
Thelargedifferenceb tweentheleading+dgeandthethi~irfoil
.
stalls,inspiteofthefactthatbotharetheresultofflowseparation -—
fromtheleadingedgeYisemphasizedbytheflowcharacteristicsobsemei
d fortheNACA64AO06airfoilsection.Foranglesofattackupto4.5°the _.
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flowoverthissectionwassimilartothatoverthethickeround-nose
sections,butbetween4.50and~ theflowchangedabruptlytoa type
similartothatobservedforthedouble+redgeseotion.Compare,for
example,thepressuredistribution(figs.8 and9),theboundary-layer
velooityandstatic-pressureprofiles(figs.17and19),andthegeneral
shapeandgrowthofthe’regionu derlyingtheseparatedflow
(figs.18and20).Foranglesofattackaslowas3°,liquid-filmobse%
vationsandpressurtiistributionmeasurements(figs.10and11)revealed
thepresenoeofa bubbleofleminarseparationwhichpersisteduntilthe
abruptchangeinthenatureoftheflow.Thelatterwasaccompaniedby
discontinuitiesinthelift,drag,andpitohingmoment(fig.3). Increas-
ingtheReynoldsnuniberto8.1milliondelayedtheabruptchangeinflow
toanangleofattackbetween5°amd5.50,a resultwhichwouldbe
expectedfromtheprecedingdiscussionfthelamlnarbubble.Itmaybe
concluded,therefore,thatthechangeinflowandtheaccompanyingforoe
andmomentdiscontinuitieswereduetoa separationfthelaminar
boundarylayersimilartothatwhiohpreciyltatedhestallsofthe
NACA631-012and6~09 airfoilsections.Theseparatedflow,instead
ofleavingthesurfaceoftheairfoilcompletely,assumedtheoharacte~
isticsofseparatedflowfrcunasharp-edgedairfoil.’
SinoetheflowforthestalledNACA6-9 airfoilwasremarkably
similartothatobservedforthedouble+redgeairfoilandforthe
NACA~AO06airfoilforanglesof’attackgreaterthan4.5°,itappears
thattheoccurrenceoftheflowseparationwhichprecipitatesheleadhg-
edgestallwas,inthesecases,sucoeededbythethin+irfoilt~e of
separatedflow.TheNACA~AO06andtoa lesserextentheNACA6+oo9
airfoilsectionsrepresentcaseswhichareontheborderlineb tweenair-
foilssubjectsolelytoleading-edgeortothin+lrfoilstalling.How-
ever,incontrasttotheborderlinecasewhich.cotiineslaminarand
turbulentseparation,theleadlng-aigeandthin-airfoilseparatedflows
cannotoccursimultaneouslyonthesameairfoilsection.
CONCLUDINGIUMARKS
Followingtheprecedingsectionsinwhlchthethreetypesand
combinationsfseparatedflowsandstallingcharacteristicswere
described,itisagaindesiredtoemphasizethateveryairfoilsection
cannotbeclassifieduniquelyintoa givenstallingcategory,noris
eachtypeofstallimitedtoa givenrangeofthicknessratios.Since
stallingisinseparablyrelatedtothebehaviorofthebounda~-layer
flow,thesamefactorswhichinfluenceboundary-layergrowth(i.e.,
Reynoldsnumber,streamturbulence,surfaoeroughness,pressureg~~ent)
alsoeffecthestallingcharacteristicsof’airfoilsections.A change
inanyoneofthefactorsmayoausethestallofa givenairfoilsection
to change from onetypetoanotherandvariationsinthicknessdistribu-
tion,leading-edgeradius,andcambermakeitimpossibletodefine
.-
.
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rigidlythethicknessratiosapplicabletoeachtype.Althoughthe
analysisandillustrativeexamplesofthethreetypesofstallpresentei.
hereinarebasedona seriesof-symmetricalairfoilsinvestigatedfor
onevalueofReynoldsnumber,itisbelievedthattheyillustmtethe
stallingcharacteristicsofmostpracticalirfoilsections.
AmesAeronauticalL boratory,
NationalAdvisoryCommitteeforAeronautics,
MoffettField,Calif.,July23,1951.
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APPENDIXA
WINW~ALL CORRECTIONS
Thesubscriptu denotestheuncorrectedcoefficientspresented
inthisreport.Thecorrectionswerecalculatedbythemethodof
referenoe14. A minorcorrectionbasedonthedragcoefficienthas
beenomitted.
NACA633-018Airfoil
a = q+o.475 Glu+1.902%U
c1= 0.916Czu
cd= 0.949Cdu
Cnl= 0.969c% + o.oK2GZU
NAC!A631-w Mrfoil
a = ~ + 0.475CZU+ 1.902~
cl= 0.926Glu
cd= 0.968Cdu
%= 0.979&+o.o132 Czu
a= ~+ 0.475Clu + 1.902~
cl= 0.931c~u
—
cd= 0:976Cdu
cm= 0.984~ + 0.0132c~u
I
—
.
.
.
.
—*
.- —
v
3
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NACA64Aoo6AfZ%Oil
cm=0.989c% + 0.0132Gzu
Doubl&’ledgeAirfoil
a = ~ + 0.475Czu+ 1.902c%
cl= 0.941Gzu
cd. O-993Cdu
cm= 0.994~+ 0.0132Clu
,-. ,
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NOTATION
.
..-
u
c
cd
cd
o
c1
%
D
H
Ho
L
M
Pz
??O
P
9.
u
Thesymbolsusedinthisreportaredefinedasfollows:
wingchord,feet
sectionpressur+dragcoefficient(
pressuredragperunitspan
qc )
asdeterminedfrom
sectionprofile-dreg
surveys
integratedpre8sur*istributiondiagrams-
coefficient
()
D asdeterminedfromwakk
~
()Lsectionliftcoefficient~ asdeteminedfromintegrated
pressure-distributiondiagrams
sectionpitchingaome
0
‘“Mntcoefficient— asdeterminedfrom
gc2
integmtedpressurtiistributiond agrams ,
dragperunitspan,pounds
()%oundary-1.ayershapeparameter~
fre~treamtotalpressure,poundspersquarefoot
liftperunitspan,pounds
pitchingmomentperunitspan,pound-feet
localstaticpressureonairfoilsurface,poundspersquarefoot
free-streamstaticpressure,poundspersquarefoot
()PI-POpressurecoefficient— 9.”
dynamicpressure(Ho-po),poundEIper
localvelocitywithinboundarylayer,
squarefoot
feetpersecond
*“
w
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localvelocityoutsideboundarylayer,feetpersecond
distancefromairfoileadingedgemeasuredparallelto
chordline,feet
distanceaboveairfoilmeasurednormaltosurface,feet
angleofattack,degrees
boundary-layer
boundary-layer
bounda~-layer
thickness,feet
displacementthickness
[Jwd’]’ ‘e’t
momentumthiclmess[I’s (’-O’YIJ ‘ee’o
19
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TABLEI
CO~INATESOFTHEAIRl?OILSECTIONS
.
.
Station
(:;e.r;t
o
.5
.75
1.25
2.50
5.0
7.5
10.0
15
20
25
30
35
40
45
%
60
65
70
/“
85
90
95
100
L.E.radius
(percent
cpord)
T.E.radius
(~er;t
NACAairfoilsectionordinate(percentchord)
633-018
0
1.404
1,713
2.217
3.104
4.362
5.308
6.068
7.225
8.048
8.600
8.913
9.000
8.845
8.482
;.;%
6:455
5.567
4.622
3.650
2.691
1.787
.985
.348
0
2.120
. . .
6314n2
o
.985
1.194
1.519
2,102
2.925
3.542
4.039
4.799
5.342
5.712
5.930
6.000
5.920
5.704
3l370
4.935
4.420
3.840
3.210
2.556
l*902
1.274
.707
.250
0
1.087
---
6w9
0
.749
.906.
1.151
1.582
2.196
2.655
3.024
3*591
3l997
4.275
4.442
4.500
4.447
4.296
4.056‘
3l739
3.358
2.928
2.458
1.966
1.471
.99
.550
.196
0
---
64Ao06
0
.485
.585
l739
1.016
1.399
1.684
1.919
2.283
2.557
2.757
2.896
2l 977
2.999
2,945
2.825
2.653
2.438
2.188
1.X7
1.602
1.285
.967
.649
.331
.013
.246
.041
4
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.—
—
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